a) Corresponding author: viviane.pierrard@aeronomie.be Recent models for the solar wind and the inner magnetosphere have been developed using the kinetic approach. The solution of the evolution equation is used to determine the velocity distribution function of the particles and their moments. The solutions depend on the approximations and assumptions made in the development of the models. Effects of suprathermal particles often observed in space plasmas are taken into account to show their influence on the characteristics of the plasma, with specific applications for coronal heating and solar wind acceleration. We describe in particular the results obtained with the collisionless exospheric approximation based on the Lorentzian velocity distribution function for the electrons and its recent progress in three dimensions. The effects of Coulomb collisions obtained by using a Fokker-Planck term in the evolution equation were also investigated, as well as effects of the whistler wave turbulence at electron scale and the kinetic Alfven waves at the proton scale. For solar wind especially, modelling efforts with both magnetohydrodynamic and kinetic treatments have been compared and combined in order to improve the predictions in the vicinity of the Earth. Photospheric magnetograms serve as observational input in semi-empirical coronal models used for estimating the plasma characteristics up to coronal heliocentric distances taken as boundary conditions in solar wind models. The solar wind fluctuations may influence the dynamics of the space environment of the Earth and generate geomagnetic storms. In the magnetosphere of the Earth, the trajectories of the particles are simulated to study the plasmasphere, the extension of the ionosphere along closed magnetic field lines and to better understand the physical mechanisms involved in the radiation belts dynamics.
INTRODUCTION : NON-THERMAL VELOCITY DISTRIBUTION FUNCTIONS
Kinetic models have been developed to give a microscopic description of space plasmas that is extremely useful in such rarefied environments. Indeed, the velocity distribution functions f(r,v,t) of the particles (where r, v and t are, respectively, the position and the velocity of the particles, and the time) are generally non-Maxwellian and anisotropic in low density plasmas where the collisions are rare. The distributions are often observed to decrease as a power law of the square velocity instead of exponentially and thus to have more suprathermal particles in their tails. This is illustrated in Fig. 1 for the electrons observed in situ in the solar wind, here at 2.7 AU by ULYSSES. This excess of suprathermal particles is also observed at other radial distances and for other particles species (ions and protons), not only in the solar wind but also in the magnetosphere of the Earth and other planets (see [1] for a review). Even if they don't contribute much to the number density, the enhanced population of suprathermal particles (especially the anisotropic part in the direction parallel to the magnetic field line) significantly modify the escape flux, the temperature and the heat flux, as it has been shown with models based on Kappa distributions or on a sum of two Maxwellians with different temperatures [2, 3] . Macroscopic parameters like density, average (flowing) velocity, pressure, temperatures in parallel and perpendicular directions, heat flux, can be calculated as moments of the distribution function f by integrating in the velocity space. Velocity distribution functions (VDF) observed at different radial distances show the radial evolution of these parameters (density, bulk velocity and temperatures) [4] . Kinetic models allow to take into account non-thermal features of the distributions, e.g., kinetic anisotropies (beams, temperature anisotropy), suprathermal populations, such that they can provide a more detailed description of a (gas or) plasma than (magneto)hydrodynamic descriptions based on the equations relating the different moments. These kinetic models are intended to resolve the evolution equation:
where the acceleration a includes the gravity, the electric force and the Lorentz force due to the magnetic field in case of plasmas. The first term of right hand side (rhs) of eq. (1) represents the Fokker-Planck Coulomb collision term, the second term (WPI) represents the wave-particle interactions.
Models based on Vlasov equation where the collisional terms (in the rhs) are neglected, have already provided good results for the average moments above the exobase, where the interactions between the particles become negligible because the density of the particles becomes so low that the Knudsen number Kn is larger than 1 (Kn=l/H where l is the mean free path of the particles and H is the density scale height). In the solar wind, the exobase is located at low radial distances in the corona, between 1.1 and 5 Rs. Note also that the suprathermal particles are collisionless with a Kn well below that for the thermal (core) populations (already for Kn > 0.01), due to a strong velocity dependence of the Coulomb cross section [5] .
SOLAR WIND MODELS

Vlasov Models
Solar wind models based on Vlasov equations have been developed enabling to understand the physical mechanisms implicated in the acceleration of the particles. These models provide satisfactory confirmations for the values of the average moments, and they are computationally economic because the moments can be calculated analytically. These arguments make them very suitable for solar wind predictions. Kappa distributions are assumed at the exobase for the electrons. Low values of the parameter kappa are associated to an enhanced population of suprathermal electrons leading to higher velocities at large radial distances [6] .
To obtain precise boundary conditions is the main challenge, allowing us to make good predictions in three dimensions at larger distance in the heliosphere, but especially at the orbit of the Earth since solar wind variations can generate disturbances in the space environment of the Earth. To obtain these boundary conditions, we use as observational input photospheric magnetograms, i.e. the magnetic field at the photosphere as observed by GONG (Global Oscillation Network Group, see http://gong.nso.edu/). The initial magnetic field is then reconstructed using a potential field source surface (PFSS) scheme to provide the magnetic field (B r , B θ , Β φ ) from the photosphere up to 2.5Rs, corresponding to the source surface [7] .
Above the source surface, the magnetic field is assumed to be purely radial. The magnetic field reconstruction is illustrated in Fig. 2 and allows to associate specific structures observed in the photosphere (like coronal holes and sunspots) to specific solar wind sources.
Conditions of densities, Kappa indexes (associated to velocity) and temperatures at the exobase level are then associated to the magnetic field characteristics on the basis of previous observations. All of these are used as boundary conditions at the exobase (chosen in our model to be at 2.5 Rs) to obtain extended radial profile of the velocity distribution functions of the particles from the corona to the whole heliosphere. To obtain the best empirical relations providing the moments at the exobase, observations of OMNI at 1 AU were used as boundary conditions in steady state models [8] . An example of the velocity obtained in the ecliptic plane for September 2008 is illustrated in Fig. 3 . However, we are not limited to the ecliptic plane: the latitudinal dependence can also be obtained as illustrated in Fig. 4 and 5, respectively, for the electron number density and velocity obtained with the model at 1 AU for 10-8-2007 for instance. An undulating sheet with higher densities and lower velocities is clearly visible during this period of low solar activity. High speed solar wind associated to lower densities is obtained at high latitudes, as observed by ULYSSES [8] . We can also determine all the different moments at any distance larger than 2.5 R s , since we have the velocity distribution functions in the whole heliosphere. The results of our kinetic exospheric model has been compared with other semi-empirical models based on solution of the MHD equations. They provide the solution at a starting distance of about 21.5 R s to avoid the inclusion of the sonic point in the computational domain. Our kinetic model is faster in computation time, can provide all the moments including heat flux and temperature anisotropy, and is not limited to electron and proton characteristics, since the other ions (even if present in low quantities) can also be included. Nevertheless, MHD takes better into account the actual magnetic field configuration at all radial distances [9] . The principle to link the magnetic field characteristics to obtain precise boundary conditions was inspired by the success of the WSA (Wang-Sheeley-Arge) [10, 11] solar wind speed quantifications.
Fokker-Planck Models
To better understand the generation of the suprathermal particles and other specific features observed in the VDF of the particles, it is necessary to consider not only the interactions between particles (Coulomb collision term) but especially the interactions between particles and fluctuations present in the corona and the solar wind. A specific numerical method of expansion of the solution in orthogonal polynomials has been used to solve the equation, based on the works of [12] and especially the development of speed polynomials. Using the same method, new polynomials that converge faster in case of suprathermal particles were also developed [13] . To study the collision-dominated to collisionless transition region, we use specific boundary conditions: in the collision-dominated region at very low altitudes in the corona, the upward part of the electron VDF is assumed to be Maxwellian, while exospheric conditions are assumed at the the top collisionless region. It was shown that the VDF of the electrons becomes more and more anisotropic with the the radial distance, in direct relation with the creation of the wind [14] . Nevertheless, to obtain the halo population visible also in the direction perpendicular to the magnetic field lines, an additional effect has to dominate at large velocities. showed that whistler wave turbulence can be a good candidate [15] . For the protons, the tail is more associated to the presence of kinetic Alfvén waves, and the second peak called the proton beam can be generated in case of spatially varying Alfvén waves [16, 17] . With the kinetic evolution equation, each term can be associated to each effect and studied separately.
PLASMASPHERE MODEL
Kinetic models of space plasmas are not limited to the solar wind. They can be used for the exosphere of the other stars and of the planets (note that similar exospheric models are also developed for neutral gas of planetary atmospheres). They were used for the exosphere of Mars [18] , Saturn and Jupiter and their main moons [19] , and in a very detailed way for the Earth. Along open magnetic field lines, polar wind allows light ions to escape [20] , while along closed field lines, the ionized particles of the ionosphere are trapped in the magnetic field [21] . Both regions have also been modelled at BIRA-IASB using the kinetic approach. The 3DPS plasmasphere model is coupled with International Reference Ionosphere that is used to determine the boundary conditions at 700 km. An example of the electron density provided by the plasmasphere kinetic model is illustrated in Fig. 6 in the equatorial and meridian plane. The model, available for free run at any date on www.spaceweather.eu, provides also the temperature and is dynamic since the position of the plasmapause (the limit of the plasmasphere where sharp density gradients are observed) is highly variable with time and geomagnetic conditions (associated to the solar wind variations). The results provide good comparisons with satellite measurements [22, 23, 24] . 
RADIATION BELTS
Much more energetic particles (MeV, instead of eV for the plasmasphere) are also trapped in the magnetic field of the Earth. They are much more rarefied, but dangerous for spacecraft and astronauts, that is why reliable models are especially important to predict the impact of these particles, and quantify their effects. The plasmasphere and radiation belts partially overlap and interactions between the low energy and high energy particles have been deduced from observations [25] . To study the physical mechanisms that are active in the radiation belts, we simulate their trajectories by launching particles with different energies. Their motion can be decomposed in three superposed movements: gyration around the field lines, oscillation between two mirror points located in each hemisphere and azimuthal drift to East for electrons and West for protons [26] .
An example of such simulations is illustrated in Fig. 7 . When the magnetic field is disturbed during a geomagnetic storm generated by a solar wind event, the particle can be lost, as illustrated on the right panel, or accelerated to higher energies and the simulations allow to determine how their trajectories are modified.
FIGURE 7.
Simulation of the trajectory of a 1 MeV proton trapped in the magnetic field of the Earth. The motion can be decomposed in three superposed motions: gyration around the field line, oscillation between two mirror points in each hemisphere and azimuthal drift. When the magnetic field is disturbed during a geomagnetic storm, the particle can be lost (right panel) Empirical models based on satellite data remain nevertheless often used in these regions where the physical mechanisms implicated in the source, loss and radial transport of the particles are complex. Reliable non contaminated measurements of the particle fluxes are also difficult to obtain. That is why we contributed to the development of a new instrument called the Energetic Particle Telescope (EPT) [27] . Launched in May 2013 on the ESA satellite PROBA-V, the EPT instrument provides high resolution fluxes with excellent discrimination between the particles (electrons, protons and helium ions) [28] . During the year 2015, strong geomagnetic storms were observed [29] , with injections of energetic electrons at lower radial distances, as illustrated in Fig. 8 .
CONCLUSIONS
Kinetic processes prevail in space plasmas where the number density is so low that the Knudsen number is higher than 1. Even when the Knudsen number is lower than 1, the suprathermal particles are already collisionless, due to the strong dependence of the Coulomb collisions on the velocity of the particles. Kinetic models based on Fokker-Planck equation allow to study the effects of collisions, but also to include wave-particle interactions like whistler waves for electrons and kinetic Alfvén waves for the protons. These effects can explain the presence of halo and anisotropic features observed in the VDF of the particles measured in space plasmas. But kinetic models based on the simpler Vlasov equation remain interesting for predictions due to fast calculation. Such kinetic models have been developed for many different space plasmas (and also neutral gas), including the solar wind, different regions of the Earth's magnetosphere and for the exosphere of other planets. They can be adapted, following the same principles, to other space environments and atmospheres.
